Quantitative photometric measurements of nucleic acids in the different chromosomes of a complement have been reported in a few species. The optical cytochemical techniques applied in these studies included ultramicrospectrophotometry (CARLSON et al. 1963 ; BAILLY 19671, Feulgen microdensi tometry ( RADLEY 1966) , densitometric scanning of light or electron microscope photographs or photographic negatives (RUDKIN 1966; GOLOMB and BAHR 1971) , photographic colorimetry (GAILLARD et al. 1968) , and flying spot cytophotometry (MENDELSOHN et al. 1966 (MENDELSOHN et al. , 1969 . In general, there is a linear relationship between the content of nucleic acids and chromosome length. The determination of the amount of nucleic acids is not enough for identifying chromosomes that are within the same length range. Morphological characteristics of chromosomes such as the position of primary and secondary constrictions are valuable landmarks in this respect. A study of the distribution pattern of nucleic acids along individual chromosomes might be a valuable approach if such a method can contribute additional structural characteristics that provide new criteria for chromosome identification.
Rye was chosen for determining the distribution pattern of nucleic acids along its individual chromosomes which are within a narrow length range. Morphological characteristics such as the presence of secondary constrictions and heteropycnotic differentiation of the chromatin material at prometaphase and late prophase are necessary criteria for chromosome identification (HENEEN 1962) . A further analysis of rye chromosomes using ultramicrospectrophotometrical methods was undertaken to determine if these methods are adequate in providing more landmarks as to the organization of these chromosomes. Ultramicrospectrophotometry proved to be useful and the results to be presented here have been briefly referred to elsewhere (CASPERSSON and LOMAKKA 1970; CASPERSSON et al. 1972 ).
Material and methods
Inbred material of rye, Secale cereale L., was kindly made available by Dr. Arne Lundqvist. Inbred line no. 20 chosen for the present analysis has also been used in a study on the detailed morphology of rye chromosomes (HENEEN 1962).
Feulgen-squash preparations were made from root-tips according to the method of OSTERGREN and HENEEN (1962). As a pretreatment, 0.001 M oxyquinoline solution was used for three hours at 15" C. After staining with Schiff's reagent, the roots were passed through three changes of SO, water, two minutes each, washed in running water and then transferred to pectinase. The treatment with SO, water is advisable when applying cytochemical procedures or measurements since this would remove stainable background materials.
When making unstained preparations, fixed roots were passed through two changes of 50 % methanol, about two hours each, in order to wash out the fixative, and then directly to pectinase preceding squashing in 45 % acetic acid. A few roots were hydrolyzed for five minutes before the pectinase treatment. Care should be taken when treating unstained roots with pectinase. The treatment should not be for a long time but only for a period long enough to soften the tissues for squashing. After a long treatment with pectinase, the chromatin material will appear faint and sometimes even difficult to differentiate. In the present material, one hour in pectinase was found to be enough for softening the tissues without a noticeable effect on the chromatin material. The slides were made permanent using the plastic coverslip method (OSTERGREN and HENEEN 1962). Unstained preparations to be measured photometrically in the ultraviolet light were made on quartz slides. After dissolving the plastic coverslips in acetone, the preparations were transferred from acetone to acetone: absolute alcohol (1 : 1) followed by two changes of absolute alcohol, one hour each, then to double-distilled glycerin (na = 1.455) for two hours. The preparations were mounted in glycerin using quartz coverslips that were later sealed with paraffin. Staining of mounted and photometrically measured unstained preparations was carried out in the following way. The paraffin was dissolved in xylol and the slides were left for a few hours in absolute alcohol until the coverslips glided. The slides were then taken through an alcohol series to distilled water before hydrolysis in 1 N HCI at 60" C for eight minutes. The Feulgen procedure was then continued as usual. Glycerin was used as a mounting medium since the intention was to make photometric measurements on the Feulgen-stained material both in the ultraviolet and visible light, for the sake of comparison. In usual conditions, however, when measurements are to be made only in the visible light, DePeX (Gurr, na = 1.531) will be more appropriate as a mounting medium since the Feulgen color fades with time when preparations are mounted in glycerin.
The present photometric measurements were made using ultramicrospectrophotometers developed at the Institute for Medical Research and Genetics, Stockholm (CASPERSSON and LOMAKKA 1970) . The measurements were made on the Feulgen-stained material in the visible light at 546 mp and on the unstained preparations in the ultraviolet light at 265 mp.
The chromosomes were scanned transversally and some of them longitudinally as well. The distances between successive scans were 0.33 p, 0.25 p or 0.20 p. A distance of 0.33 p was used when the total extinction was determined for all chromosomes in a given complement. Feulgenstained preparations measured at 546 mp were used for such a purpose. For establishing distribution patterns of nucleic acids along individual chromosomes, the distance between scans was 0.25 p and 0.20 p for measurements made at 546 mp or 265 mp, respectively. The cross section of the measuring beam used in the visible light was 0.25 pz and in the UV region 0.1 p2.
The chromosomes should be straight with little or no bend to be used for transverse and longitudinal scanning. It is also preferable that the chromosomes are not very contracted. It is quite difficult to obtain minimally contracted chromosomes that are at the same time straight. Many preparations need to be made in order to select straight chromosomes at metaphase or prometaphase stages that are suitable for measurement.
The integrated or total extinction values obtained are relative values that represent the degree of light absorption and intensity of matter in single scans and whole chromosomes. The values obtained for successive transverse scans elucidate the distribution pattern of matter along individual chromosomes. At 546 mp, the absorbing material is the colored compound resulting from the reaction of Schiff's reagent with DNA which has lost its purine bases during hydrolysis. Thus, it is a relative estimate of DNA only. When measurements are made on unstained material in ultraviolet light (265 mp), both DNA and RNA constitute the major absorbing substance and the absorption here includes both purine and pyrimidine bases.
A total of 72 chromosomes (51 Feulgenstained and 21 unstained) were scanned in order to determine the distribution pattern of nucleic acids along the seven chromosomes of rye. The numbering of the chromosomes is according to the system used for inbred rye and the intergeneric hybrid Elymus arenariiis L. X Secale cereale L. (HENEEN 1962, 1963) .
Results

Relative amounts of nucleic acids in chromosomes and chromosome arms
Total extinction values for individual chromosomes were determined from measurements made at 546 mp on seven Feulgen-stained metaphase complements. The chromosomes in these cells were at a similar state of contraction. A representative cell and karyotype are shown in Fig. la and c. The chromosomes are contracted and show less morphological details than when observed unstained in the UV light (Fig. 1 b) .
The total extinction of the different chromosome complements analyzed at the standard magnification used was in the range 42.14-55.03. Means of absolute extinction values and the ranges of variation for individual chromosomes are given in Table 1 . A variation was found in the total extinction values of homologous chromosomes within complements and between corresponding chromosomes in different complements.
Relative extinction values were calculated in order to compare metaphase plates that varied in their total extinction. The total extinction of individual chromosomes is expressed as a relative value in relation to the total extinction of all the chromosomes in a complement. Mean relative extinction values as well as mean relative length values (from HENEEN 1962) of the different chromosomes are presented in Table 1 . Variation coefficients are also calculated.
The relative extinction values of the different chromosomes in the complement are within a small range (13.33-15.41). This is in accordance with the finding that the rye chromosomes are within a narrow range of relative lengths (13.42-15.02). The relative extinction and length values correspond largely to each other. Coefficients of variation are however higher and cover a wider range in the case of photometric measurements. The variations in the extinction values are mainly due to differencies in the intensity of coloration, largely between complements and to a much lesser degree within complements.
Variations in the absolute extinction values were found whether pattern measurements were made on chromosomes that were stained or unstained ( Table 2) . Besides the differences in intensity of Feulgen coloration (in case of stained chromosomes), other possible factors that could lead to such variations will be discussed later.
From the pattern measurements, it was possible to determine the total extinction of chromosome arms. These values were used for calculating long/short arm extinction ratios. Average extinction ratios and index values (long/short arm length ratio, from HENEEN 1962) of the chromosomes in this inbred line are given in Table 3 . The extinction ratios correspond largely to the length ratios. As with length ratios, it is possible to classify the different chromosomes into groups according to their long/short arm extinction ratios. Chromosome 1 and 2 with nearly median centromeres have about equal amounts of nucleic acids in both arms. In case of chromosomes 3 and 2. Distribution pattern of nucleic acids along the 4, the long/short arm ratio as regards length and extinction is 1.4-1.5. Chromosomes 5 and 6, constituting a third group, have higher ratios Prophase (1.8 for chromosome 5 and 2.0-2.1 for chromo-Rye chromosomes at late prophase usually some 6) than the other chromosomes in the com-exhibit characteristic patterns of heteropycnotic plement. The nucleolar chromosome of rye (no. 7) differentiation which provide landmarks for is easily identifiable morphologically.
chromosome identification (HENEEN 1962). Pro-
individual chromosomes
Hereditas 74, 1973 phase chromosomes, however, are seldom straight which makes them less suitable for photometric pattern analysis. A chromosome at late prophase suitable for such a measurement is shown in Fig. 2c . Most likely, this chromosome is no. 1. Positively heteropycnotic segments in this chromosome (Fig. 2c) are located near the centromere which is median in position. The staining density decreases slightly along the chromosome arms towards the ends where it increases again in the "knob structures". Looking at the DNA distribution pattern curve of this chromosome (Fig. 3) , it can be seen that high amounts of DNA are found in the middle region where the centromere is located (solid arrow). On both sides of this region and towards the chromosome ends, there are depressions and peaks in the curve indicating regions of low and high DNA content, respectively. The general tendency is for a decreased DNA content per unit length when leaving the proximal regions in the direction of the chromosome ends where DNA increases again. The dotted arrows in Fig. 3 indicate the locations (Fig. 2c) measured at 546 mp. The solid arrow indicates the position of the centromere whereas the dotted arrows indicate the locations of secondary constrictions known for chromosome 1.
RELATIVE LENBTH
of the constrictions, characteristic of chromosome 1 (HENEEN 1962) , which are expressed as depressions in the extinction curve. The distribution pattern of DNA is in accordance with the chromomeric gradation along this chromosome. There is more DNA in the positively heteropycnotic segments compared to the negatively heteropycnotic regions. Locations of constrictions are characterized by a low content of DNA. Fig. 2 a-w . Some of the chromosomes used for pattern analysis. The chromosomes in the upper row are stained with Feulgen, those in the lower row unstained and unhydrolyzed except for chromosome m which is hydrolyzed. Note the difference in size between unstained and hydrolyzed or Feulgen-stained chromosomes. The arrows in t indicate the axis perpendicular to which the chromosome was measured.
Metaphase
CHROMOSOME 2
Distribution patterns of nucleic acids along individual metaphase or prometaphase chromosomes were determined in a total of 71 chromosomes. As exemplified by Fig. 2 , these chromosomes were straight and thus suitable for photometric measurements. The intensity of light absorption along the seven chromosomes of rye is expressed graphically in the extinction curves shown in Fig. 4-1 1 which are of chromosomes scanned transversally (Fig. 4-10) and/or longitudinally (Fig. 11) . These curves illustrate the distribution patterns of nucleic acids along chromosomes that were either Feulgen-stained or unstained (see legends for Fig. 4-11) . Each curve symbolizes a single chromosome with the exceprepresent averages of measurements made on 3-5 chromosomes~ A~~~~~~~ were taken only when the chromosomes in question had about the same degree of contraction.
The curves obtained after transverse scanning of chromosomes (Fig. 4-10) were especially informative and represented the basis for establishing the distribution pattern of nucleic acids along each of the rye chromosomes. The curves representing each chromosome exhibit a similar (Fig. 2d) ; b and c: unstained ( Fig. 2n and 0 ) . Fig. 4---10 . The distribution patterns of nucleic acids along the seven chromosomes of rye. Feulgen-stained and unstained chromosomes were scanned transversally Fig. 2e and f) ; C and d: unstahed (Fig. 2P and 9) . at 546 mp and 265 mp, respectively. Fig. 4 . Chromosome 1 ; a and b: Feulgen-stained (Fig. 2 a and b) ; c: unstained (Fig. 2m) , the only chromosome which was hydrolyzed, other unstained chromosomes referred to later on are not hydrolyzed. (Fig. 2g) ; c: the pattern of an unstained chromosome (Fig. 2r) . chromosome (Fig. 2u) . average values from measurements made on five chromosomes; b: the pattern of one of these chromosomes (Fig. 2i) ; c: the pattern of a relatively less contracted chromosome (Fig. 2j) ; d: the pattern of an the in delimits the "knob structure-,. unstained chromosome (Fig. 2t) . The satellite in the last-mentioned chromosome is slightly separated from the rest of the short arm due to squashing. shallow depressions in the different curves correspond more or less to each other. Worth mentioning is the fact that taking averages from measurements made on more than one chromosome did not blur characteristic details in the pattern curves based on such values (Fig. 7-10) .
The deep and shallow depressions in the pattern curves denote sites of markedly and slightly decreased amounts of nucleic acids, respectively. The deep depressions coincide in position with the sites of primary and conspicuous secondary constrictions, detectable in the chromosomes of this inbred line (Fig. 12, based on HENEEN 1962) . The positions of the shallow depressions are indicated by the dotted arrows in the schematic drawings of rye chromosomes presented in Fig.  12 . Shallow depressions apparently indicate sites of potential secondary constrictions since most of these sites (dotted arrows in Fig. 12) coincide with positions at which secondary constrictions appear (solid arrows, Fig. 12 ) when the rye chromosomes are present in the intergeneric hybrid Elymus arenarius X Secale cereale (HENEEN 1963) . Some of these sites also coincide with borders between differentially heteropycnotic segments in chromosomes at late prophase (HENEEN 1962).
Some of the shallow depressions were invariably conspicuous as is the case in the curves representing chromosome 3 (Fig. 6 ). More details in the distribution pattern curves are usually discerned in chromosomes that were less contracted ( Fig. 2i and j, Fig. 8b and c) . On the whole, the UV curves present a more detailed picture of the distribution pattern of nucleic acids along the chromosomes.
Absorption patterns of chromosomes scanned longitudinally (Fig. 11) correspond to a great extent to the patterns of nucleic acid distributions in chromosomes scanned transversally (Fig. 7, 8  and 10 ). In the case of longitudinal scanning, only a few scans, those running through the main bulk of the chromatid or chromosome would be informative. The highest peaks in the pattern curves denote regions with maximum nucleic acid contents. Such peaks were of about the same height when comparing the short and long arms of individual chromosomes with the exception of chromosome 5. In chromosome 5, higher peaks are always found in the short arm. Maximum amounts of nucleic acids per unit length seem to prevail in the short arm of chromosome 5.
The nucleolar chromosome (no. 7) is characterized by the presence of a clear nucleolar constriction in the short arm. The two deep depressions in the pattern curves of Fig. 10 correspond to the nucleolar and centromeric constrictions. In the curves of Fig. 1Oc and llc, there is a shallow depression (arrow) in the vicinity of the deep depression that corresponds to the nucleolar constriction. The shallow depression most likely delimits the "knob structure" which has been observed to occur in that region of the short arm (BOSE 1956; HENEEN 1962).
Chromosomes measured at both 546 mp and
More details were usually revealed in pattern curves of unstained chromosomes measured in the ultraviolet light when compared to curves from Feulgen-stained chromosomes measured in the visible light. The measurements presented in Fig. 3-11 are from either stained or unstained chromosomes. It is valuable to compare measurements made on the same chromosome before and after staining. Six unstained chromosomes already measured in the ultraviolet light were stained according to the Feulgen method and measured at 546 mp (Table 4) . Pattern curves of two of these chromosomes are shown in Fig. 13 .
Less details are seen in the curves of stained chromosomes. This is apparently associated with the lower absorption obtained in measurements made on stained chromosomes. evident from the data presented in Table 2 . As pointed out earlier, the nature of the absorbing material is different in stained and unstained chromosomes. Therefore, it is not possible to make direct comparisons between the total extinction values obtained in the two wave lengths used.
lyzed chromosomes and in some cases even less than the values obtained from material stained according to the Feulgen method. In hydrolyzed unstained chromosomes, the absorption values for single scans were usually very low and the distribution pattern of nucleic acids along such chromosomes did not show characteristic details. It appears that the total extinction vahes of a chromosome may vary depending on whether the cells were squashed before or after Feulgenstaining. Three of six chromosomes stained after squashing ( Table 4) had lower extinction values than those obtained when squashs were made from stained root-tips (Tables 1 and 2) . It is likely that chromosomes loose more material when squashed cells rather than intact roots are hydrolyzed.
The length range of the chromosomes will also depend on the procedure used. Marked size differences occur between unstained (unhydrolyzed) and Feulnen-stained chromosomes (Table  4 . Effect of hydrolysis As indicated in Table 2 , a few measurements were made On unstained chromosomes that were hydrolyzed. The total extinction values of such 2, Fig. 2) . Unstained chromosomes are larger in their length and diameter. After hydrolysis and when treating with Schiff,s reagent, the chromasomes become condensed and smaller in size (Fig. 2) . making chromosome preparations is of relevance not only in reference to the magnitude of total CWROYOSOYE 4 extinction of whole chromosomes or chromosome arms but also in regard to the expression of a detailed distribution pattern of nucleic acids along these chromosomes. chromosomes were less than those Of unhydroThus, the type of procedure employed when The relative extinction values of the different rye chromosomes are within a narrow range which is in accordance with the fact that these chromosomes do not vary greatly in length. Thus it is not possible to identify individual chromosomes solely from length measurements or from total extinction values. The long/short arm extinction ratios obtained for the different chromosomes agree well with the long/short arm length ratios. The chromosomes thus can be classified into groups according to the extinction ratios of the long/short arm in the same way as when considering long/short arm length ratios (HENEEN 1962).
In order to identify individual rye chromosomes, it is necessary to search for morphological characteristics such as the locations of secondary constrictions and the differences in the staining density of the chromatin. The detailed morphology of rye chromosomes has been described in inbred material and in the intergeneric hybrid Elymus arenarius X Secale cereale (HENEEN 1962 (HENEEN , 1963 . The present ultramicrospectrophotometric measurements supply further information regarding the morphological and structural organization of these chromosomes. The distribution pattern of nucleic acids along the chromosome presents a morphological or structural picture in chemical terms. High resolution spectrophotometric determinations of DNA distribution patterns along chromosomes have been tried in a variety of plant and animal materials, mainly in connection with ultramicrofluorometry which has proved to be a very useful tool for chromosome identification ( CASPERSSON et al. 1968 CASPERSSON et al. , 1969a CASPERSSON et al. , 1970a CASPERSSON et al. , 1972 . Pattern analyses have been also conducted on normal, structurally altered, and cold-treated chromosomes of the amphibian Pleurodeles Waltlii MICHAH. (BAILLY 1969 (BAILLY , 1972a .
Deep depressions in the pattern curves of rye chromosomes coincided with positions of the centromeres and clear secondary constrictions. The sites of shallow depressions also coincided with locations of faint constrictions in late prophase or prometaphase chromosomes as well as in metaphase chromosomes when these were present in the intergeneric hybrid Elymus arenarius X Secale cereale. This ascertains the validity and accuracy of the ultramicrospectrophotometric method in revealing the morphological and structural organization of the chromosomes. Sites of relatively low absorption therefore might indicate locations of potential secondary constrictions that may be expressed in specific genotypes or at earlier mitotic stages than metaphase. The locations of such potential constrictions might correspond to the positions marking the divisions and subdivisions in the pachytene map of rye established by LIMA-DE-FARIA (1952) . In this map, sites between divisions or subdivisions are of less density than the adjacent regions.
The measurements made on corresponding chromosomes from different cells indicate that there is a specific pattern of nucleic-acid distribution along each of the seven chromosomes of rye.
Although there were the general similarities of the pattern curves of a given chromosome, there were variations in the details of these patterns as well as the total extinction values for chromosomes or chromosome arms. The coefficients of variation for the total extinction values for individual chromosomes in the seven complements analyzed ranged between 6 and 18 % which is within the limits recorded for other microspectrophotometric analyses (reviewed in GAIL- LARD et al. 1968) . The newt chromosomes measured by BAILLY (1967) would appear to have higher variation coefficients.
Various factors affect the reproduceability of spectrophotometric measurements. One aspect is whether the measurements were made in ultraviolet or visible light. Differences were observed between measurements made on Feulgen-stained and unstained chromosomes, also among chromosomes within each of these two categories. Pattern curves of unstained chromosomes measured in the UV light often showed more details than those of Feulgen-stained chromosomes measured in visible light. In addition to the higher resolution in the ultraviolet region of the light, unstained chromosomes are larger in size and have on the average slightly higher absorption values per scan compared with stained chromosomes. As pointed out earlier, the nature of the absorbing material is different in case of unstained and Feulgen-stained chromosomes. The larger size of unstained chromosomes also allows a higher number of scans and thus more accuracy.
The diminished size and the reduced magnitude of the absorbing substance in chromosomes stained according to the Feulgen procedure is apparently due to hydrolysis and the subsequent treatment with SchifF's reagent. Thus when making measurements on individual chromosomes, the range of lengths would depend to a great extent on the kind of technique used. Different length ranges would be expected when using different fixatives, whether or not hydrolysis is used, and whether squashing is performed before or after staining (especially in the case of the Feulgen method). Variations in the amount of matter lost during hydrolysis as well as variations in the intensity of Feulgen coloration lead to variations in the intensity of absorption.
In case of unstained chromosomes, it is also possible that variations in absorption intensity may result from background effect. The presence of cytoplasmic materials unevenly distributed in the background accounts for variations in the total extinction determinations and in the detailed appearance of the pattern curves. Chromosomes squashed outside the cell with the least amounts of cytoplasm in the background would be most suitable for measurements in the UV light.
Of further importance when evaluating the accuracy of measurements made in the UV light is the chromosomal RNA cycle, the nucleolar behavior during mitosis, and the type of fixative used. Synthesis and loss of RNA are continuous processes which determine the RNA content of the chromosomes at the different stages of the cell cycle (MAZIA 1961) . That nucleolar materials persist and may be associated with metaphase chromosomes has been observed in a variety of materials (e.g., HENEEN and NICHOLS 1966) . The choice of fixative is also of importance. Optimum fixation would ensure the preservation of the chromosome's constituent substances with the least loss of matter.
A further source of variation in the pattern curves is the different degrees of chromosome contraction. Even slightly different degrees of contraction might produce changes in the spatial localization of constrictions. This is apparently due to the differential contraction of positively and negatively heteropycnotic segments. The extent of these changes may vary in different materials.
The distribution of the absorbing materials along individual rye chromosomes corresponds to the differential staining reaction characteristic of these chromosomes. Postitive heteropycnosis is associated with high absorption values, whereas negatively heteropycnotic segments have low intensity of absorption. The relative distribution of nucleic acids thus depends on the structural organization of the different segments in the chromosome.
Factors such as natural variation in the appearance of chromosomes, technical shortcomings in preparation (e.g., chromosomes being not completely straight), and errors in measurements may also be of relevance as sources of variation in pattern analysis.
Spectrophotometric measurements of chromosomes showing different degrees of contraction at different stages of cell division might present more information as regards the morphological and structural differentiations and changes in chromosomes.
Ultramicrospectrophotometry may be a useful tool for a better knowledge of chromosome morphology and structure. Naturally, the photometric measurements should be used in addition to the usual analysis of the morphological appearance of the chromosomes in the light microscope using banding techniques and other analytical methods such as ultramicrofluorometry (CASPERSSON et al. 1972) .
